The thermal regime of the growth of crystalline nuclei in amorphous layers has been investigated. There is the possibility of growth of two types of crystallization centers: cold, growing at a temperature of the amorphous phase, and hot, whose temperature is much higher than the temperature of the amorphous phase. 
INTRODUCTION
Deposition of molecular beams on a substrate cooled by liquid nitrogen may be used to obtain solid amorphous condensates of water and simple molecular compounds (Skripov and Koverda, 1984; Skripov, 1992) , as well as aqueous solutions of organic liquids (Faizullin et al., 2010a) . The cooling rate in such conditions reaches 10 15 K/s. The heating of the condensates obtained is accompanied by glass transition (softening) and subsequent spontaneous crystallization, in which the decisive role in the phase transformation is played by homogeneous nucleation. The crystallization of water-gas amorphous condensates may result in the formation of gas hydrates (Bar-Nun et al., 1988; Mayer, 1989; Faizullin et al., 2010b) . In conditions of deep metastability the avalanche-type initiation of crystallization centers captures gas molecules, therefore they are not displaced by the motion of the crystallization front. The formation of a hydrate is favored by the weak chemical affinity of a hydrate-forming substance and also the dimensions and shapes of its molecules corresponding to the geometry of cavities of the forming clathrate lattice. Among such substances are light hydrocarbons of the methane series. The interest in gas hydrates is caused by the existence of enormous reserves of hydrocarbons on the Earth (mainly methane) in a gas hydrate state and the prospects of their use as a fuel source. At the same time, hydrates are regarded as specific containers for gas storage and transportation in a gas-hydrate state (Sloan, 1998; Jeon et al., 2006; Kim et al., 2010 ). An important place in solving applied problems connected Subscripts c crystal g glass l liquid phase S surface of crystallization front s solid with gas hydrates is occupied by efforts directed to preventing and eliminating anthropogenic hydrate formation in gas-producing and gas-pumping equipment (Makagon, 2010) .
The aim of the present work is to investigate the phase stability of solid amorphous water layers in the presence of completed crystallization centers artificially introduced into non-equilibrium condensates, as well as to determine the conditions of methane hydrate formation in low-temperature gas-saturated layers of amorphous ice prepared by the low-temperature deposition of molecular beams of rarefied vapor and methane.
THERMAL CONDITIONS OF CRYSTAL GROWTH IN AN AMORPHOUS LAYER
The peculiarity of the process of crystallization of amorphous layers is manifested in two ways. First, due to nonstationary crystallization, the appearance of crystal centers can be confined in time and temperature. Second, a selfaccelerating regime of growth of crystallization centers is possible due to the formation of hot centers and explosive crystallization in the places of local accumulation of the forming fluctuational embryonic crystals. The latter is connected with the release of crystallization heat and the behavior of the temperature dependence of the linear rate of the crystal growth.
The condition of formation of hot centers and spontaneous transition to an explosive crystallization regime in an amorphous medium with frozen crystals requires their high concentration that can be achieved as a result of both the natural nucleation process and an artificial introduction into the medium of additional nuclei.
The conditions of an accelerated crystal growth, when the crystallization heat release leads to an increase in the temperature and an abrupt increase in the crystal growth rate, have been investigated in detail by Aleksandrov (1985) , Shklovskiy (1982) , and Koverda and Skripov (1983) . The formulation of the problem in this case includes the heat conductivity equation for a crystal growing in an amorphous medium with a heat source at the boundary. For the temperature field T (r, T ) = T − T ∞ generated by a growing spherical crystallization center of radius R(T ), we can write the equation (Skripov and Koverda, 1984) 1 a
which should be supplemented with the condition of heat balance on the crystallization front
and boundary conditions ( ∂T ∂r
Here, a is the thermal diffusivity, λ s and λ l are the thermal conductivities of a crystal and a liquid (amorphous) phase, respectively, q is the specific heat of crystallization, ρ s is the density of a crystal phase. For the approximation of the temperature dependence of the crystal growth rate u = dR/dt we will take the expression (Uhlmann, 1972) 
where f is the fraction of locations at the surface of a growing crystal, to which molecules from the liquid phase may adhere, ν is the average frequency of attachment of liquid molecules to the crystal, d 0 is the linear size of molecules, T 0 is the equilibrium melting temperature, and k is the Boltzmann constant. If we assume, for simplicity, that the values of thermal conductivity, thermal diffusivity, heat capacity, and density are the same in both phases, and the temperature in the crystal is equal to the temperature of the crystallization front, then the condition of heat balance (2) is written in the following form:
where T q = q/c, c is the heat capacity. The first summand in Eq. (5), as in Eq. (2), takes into account the heat flux into the crystal. In this form of writing the heat balance on the crystal boundary, to find the temperature of the crystallization front it is sufficient to solve Eq. (1) in the area occupied by the amorphous phase. Methods of solution of the heat conductivity equation as applied to the problems of crystallization (the Stefan problem) are examined in detail in Lyubov (1975) . A self-similar solution of Eq. (1) that satisfies condition Eq. (5) and boundary conditions Eq. (3) leads to the following expression for the temperature of the crystallization front:
where Ei is the integral exponential function. If the thermal effect of crystallization, expressed in the temperature T q , is more than the initial supercooling ∆T = T 0 − T ∞ , then for R → ∞ the temperature of the crystallization front T S → T 0 . If, however, T q < ∆T , then we have in this case the asymptotic value
Using the temperature dependence of the crystal growth rate in supercooled water (Faizullin et al., 2013) , one can calculate the temperature variation at the front of the growing crystal. The following values were taken in calculations: T q = 100 K (Suga and Seki, 1974) and a = 10 −7 m 2 /s. The results of the calculation are shown in Fig. 1 . The dashed area in the figure corresponds to the solutions with ∂T s /∂R > 0 for the case of hot crystallization centers. Circles show different initial conditions. The minimum size of a hot center is approximately 10 −6 m. From Fig. 1 we can also see that in amorphous water layers of a conventional thickness (less than or of the order of 10 −3 m) at temperatures T ∞ = 160-170 K a spontaneous transition of cold centers to hot ones is impossible. In this case, hot crystallization centers are formed, apparently, as a result of the interaction of thermal fields in places of a high local concentration of emerging fluctuation centers. The process of spontaneous transition of a growing cold center in a hot one requires much more time and, therefore, at these temperatures is less likely.
EXPERIMENTAL METHOD AND RESULTS

Spontaneous Crystallization of Low-Temperature Condensates of Water
Solid amorphous water condensates were prepared in a vacuum cryostat by deposition of a molecular beam of rarefied vapor on a copper substrate cooled by liquid nitrogen. The pressure no higher than 10 −6 mm Hg was maintained in † The phenomenon of superheating of liquids with respect to the liquid-vapor equilibrium line is discussed elsewhere (Skripov and Skripov, 2010) .
FIG. 1:
Dependence of the temperature of the crystallization front on the size of a crystal growing in an amorphous layer of water, at T∞ = 155 K the cryostat chamber. The vapors of nitrogen were pumped out of the cryostat to reduce the substrate temperature to 65 K. The investigation of spontaneous crystallization of non-equilibrium condensates of water in the presence of completed crystallization centers was performed on samples prepared by supersonic molecular beam deposition. Vapor entered the vacuum chamber through a Laval nozzle, which accelerated it to a supersonic speed. It is known that the adiabatic expansion of molecular beams of rarefied vapor at the nozzle outlet leads to a decrease in the temperature and formation of crystalline clusters of a cubic diamond-like structure (Torchet et al., 1983) . The cluster size depends on the pressure at the nozzle inlet. The higher the pressure, the larger the cluster size and, consequently, the fraction of the crystal phase in the sample volume. A reservoir with water was located beyond the vacuum chamber. Changing the temperature in the reservoir, we changed the vapor pressure at the nozzle inlet and regulated the content of the crystalline phase in the sample. The sample thickness was from 50 to 100 µm. The deposition rate was equal to ∼ 100 µm/h. Twice-distilled water was used in experiments. The sample temperature was measured with a copperconstantan thermocouple. The error of the temperature measurement did not exceed ± 0.5 K.
To observe a sample, use was made of a capacitive sensor, which was fixed on the substrate and made it possible to determine the glass transition T g and crystallization T c temperatures from the change of the sample dielectric properties under heating. A detailed description of the measurement procedure and the sensor design is given in Faizullin et al. (2010a) . The sensor was a film capacitor made by the method of thermal sputtering. The capacitor plates were thin copper strips (100 µm wide and 50 µm high) deposited onto a dielectric plate with a surface of 20 × 20 mm and a thickness of 0.2 mm. In experiments one could observe changes in the sensor capacitance and the dielectric loss tangent tgδ of a sample deposited on the capacitor surface. Measurements were carried out in conditions of vacuum and continuous heating at a constant rate of 0.05 K/s and an electric-field frequency of 10 kHz. The temperature at the sensor surface during the deposition of a sample did not exceed 70 K, with its value on the copper substrate equal to 65 K. The transformations in the sample were judged from changes in the dielectric properties under changes in the temperature. The thermal effects connected with the transformations were registered by a differential thermocouple. The accuracy of determination of glass-transition T g and crystallization T c temperatures was ± 1 K. Figure 2 shows the behavior of the temperature dependence of the dielectric loss tangent and the differential thermal analysis (DTA) thermograms during heating of 100 µm thick amorphous ice condensates prepared without using the supersonic nozzle (a) and by supersonic deposition of a molecular beam (b). The vapor pressure in the reservoir with water was 2.5 kPa. As follows from Fig. 2(a) , a noticeable increase in tanδ is observed at temperatures above 135 K. It is connected with structure relaxation in the glass-transition region in the process of the transition
FIG. 2:
Behavior of the temperature dependence of the dielectric loss tangent and DTA thermograms during heating of the amorphous ice condensate prepared without using the supersonic nozzle (a) and by supersonic deposition of the molecular beam (b) from a solid amorphous into a liquid state. The abrupt decrease in the sensor readings at a temperature of 158 K is caused by crystallization of the sample. The behavior of the curve after crystallization is typical for the crystalline state. Heating the sample above 200 K led to its evaporation in the vacuum chamber. Crystallization of the condensate was accompanied by a sharp heat release detected by the differential thermocouple. The DTA thermogram contains one sharp exothermal signal connected with crystallization that indicates the spontaneous, avalanche-type regime of the phase transition. The temperature T c corresponding to the peak of heat release coincides with the beginning of the decrease in the capacitance sensor readings during crystallization. The sensitivity of the differential thermocouple did not permit us to detect the glass-transition signal.
As follows from the behavior of the DTA thermogram, in a condensate prepared by supersonic molecular beam deposition the presence of completed crystalline centers shifts the beginning of crystallization to the region of low temperatures, and the shape of the thermal signal consisting of several peaks points to crystallization from different centers. Shown on the thermogram are three sharp exothermal signals at 147, 154, and 158 K and a weak smeared-out heat release peak at 141 K. The temperature dependence for tanδ showed only one characteristic signal at ∼ 158 K associated with the crystallization in the layer of the sample adjacent to the surface of the capacitive sensor and corresponding to the last peak of the thermogram. The crystallization centers positioned on the outer layers of the sample were beyond the electric field of the film capacitor and had no effect on the sensor readings. It follows from the behavior of the curve for tanδ that using supersonic condensation does not lead to a noticeable shift in the glass-transition and crystallization termination temperatures. The growth of the dielectric loss tangent in the liquid layer of the sample immediately before the last thermal signal is caused by a decrease in viscosity due to a local increase in temperature during the heat release at 154 K. In the series of experiments performed with amorphous ice layers prepared by supersonic condensation, no less than three exothermal signals with high reproducibility of the position of the first peak at 141 K and of the last one at 156-158 K were observed in the DTA thermograms.
Similar thermograms for amorphous ice layers prepared by supersonic condensation of vapor at different input pressures were also observed by Mayer et al. (1984) , where the authors explain the presence of several exothermal crystallization signals on the DTA curves by the influence of oxygen and nitrogen penetrating into pores and cavities of the porous structure of the sample when it was transferred from the cryostat to the DTA analyzer under conditions of contact with air and liquid nitrogen.
In experiments on condensates prepared by supersonic condensation, no effect of pressure at the nozzle inlet was detected in the range from 0.6 to 10 kPa, nor was any effect of the sample thickness on the measurement results noted at values from 100 to 400 µm.
The morphology of nanoclusters forming in supersonic molecular water beams corresponds to the cubic diamondlike structure of ice. These nanoclusters are easily combined with methane, forming a crystallohydrate. This fact allows accelerating formation of gas hydrates at a simultaneous injection of supersonic flows of the rarefied steam and gas into the vacuum chamber at overlapping of the flows. Preliminary experiments with ethane have shown that the gas content in a crystallized condensate obtained at the maximum achieved productivity of the gas capture process exceeded 50 mass %. This content was achieved by additional sorption of gas during formation of a crystalline condensate, which was a gas-saturated nanoporous medium.
Spontaneous Crystallization of Low-Temperature Water-Gas Condensates
Layers of amorphous ice saturated with methane were obtained by the deposition of molecular beams of rarefied vapor and gas on a copper substrate cooled with liquid nitrogen. The molecular beams of the components entered the sputtering zone simultaneously through different tubes with a 5 mm inner diameter. The conditions of deposition of two-component condensates at fixed water and gas flow rates allowed obtaining samples of constant composition and ensured the removal of the condensation heat. The temperature of the sample during condensation did not exceed 70 K. By the deposition of molecular beams, it was possible to obtain amorphous samples up to 2 mm in thickness. In experiments use was made of doubly distilled water. The purity of methane was 99.99 volume percent. Changes in a sample during heating were observed by readings of a capacitive sensor and a differential thermocouple. The gas release was registered by an ionization pressure detector. Figure 3 shows the temperature dependence of the dielectric loss tangent under heating of methane-saturated amorphous ice. There one can see the readings of the gas-release detector. The methane content in the deposited sample is 10 mass %. At temperatures ∼ 139 K and ∼ 175 K, respectively, one can observe the characteristic behavior of the curves connected with glass transition and crystallization of the condensate.
In the range from 140 to 160 K one could observe a distinct peak of gas release caused by the sample creep in glass transition. Its beginning coincides with the beginning of the transition from a solid amorphous into a liquid state. In this temperature range one can observe a weak increase in tgδ caused by the decrease of the condensate density during the gas release. The intensive gas release stopped by the moment of the condensate crystallization.
If a sample is heated to a temperature of 160 K, and cooled again to 77 K, then during its repeated heating the reading of the sensor will follow the path 1 on the curves for tgδ. In repeated heating no gas release from the sample is observed. The curves for tgδ for an unannealed sample lie higher than curve 1 for an annealed sample as the state that forms during the deposition is characterized by a more friable structure and, consequently, by a lower value of density (Faizullin et al., 2010a) . Structural relaxation for such substances during glass transition leads to a decrease in the sample volume to the values corresponding to the state of a supercooled liquid. Curves 1 for annealed sample are reproduced in cooling and heating. The dashed segments 1' of the readings of the sensors correspond to the repeated cooling and heating of the sample after the crystallization. The subsequent condensate cooling-heating cycles show the reproducibility of the shape of these segments of the curves.
The presence of gas in a sample leads to a shift of the crystallization temperature toward high temperatures as compared with the condensates of pure amorphous ice as limitations connected with the diffusion processes in a binary system are imposed on the formation of the crystal lattice. No noticeable effect of changes in the gas concentration on the glass-transition temperature has been found.
An increase in the methane content in condensates resulted in a gradual decrease of the crystallization signal and its complete degeneracy at a concentration close to 15 mass %, both by the readings of the differential thermocouple and by those of the capacitive sensor. The deposition of molecular beams at a concentration exceeding 15 mass % caused considerable vacuum deterioration in the cryostat and formation of a crystal condensate.
Crystallization of amorphous ice leads to the formation of a cubic diamond-like structure (Mayer, 1989) . Under crystallization of a water-gas condensate along with cubic ice there forms methane hydrate. A sample with a small gas content is a mixture of cubic ice and gas hydrate. At atmospheric pressure methane hydrate was retained to a sample
FIG. 3:
Temperature dependences of the dielectric loss tangent (a), and the readings of the gas-release detector (b) in heating an amorphous condensate of a water-methane mixture. The gas content in the sample is 10 mass %. The dashed segments 1 of the curves correspond to the repeated cooling and subsequent heating of the sample after glass transition. The dashed segments 1 ′ of the curves correspond to the repeated cooling and subsequent heating of the sample after crystallization.
melting temperature of about 273 K. The crystallized sample cooled to 77 K was withdrawn from the vacuum chamber and immersed in liquid n-pentane at a temperature of ∼ 150 K. Self-preservation ensured the hydrate retention in the metastable state at temperatures exceeding considerably the equilibrium temperature of dissociation equal to 195 K. At 273 K its melting and decomposition began, which was accompanied by an intense release of gas. The volume of methane released at its content in the sample of 10 mass % exceeded 120 times the volume of the condensate deposited.
At a maximum flow rate of methane during the deposition the gas concentration in the crystallized sample reached 15 mass %. Such a concentration corresponds to an excess gas content as compared with the theoretical value which is equal to 13.4 mass % for a cubic structure of type I with a complete filling of large and small cavities of the clathrate lattice. This may be explained by the presence of methane molecules in the sample in a free state. One volume unit of gas hydrate contained up to 160 volumes of gaseous methane. The deposition of a condensate 2 mm thick at a deposition rate of 1 mm/h did not lead to changes in the sample phase state and did not change the character of the temperature dependence of tgδ. Samples of methane hydrate of such a thickness were capable of steady combustion after their withdrawal from the cryostat.
CONCLUSIONS
The evaluations made have shown the reality of the appearance of hot centers during experimentally observed explosive crystallization of amorphous water layers. Together with the theory of nucleation the idea of the hot centers of crystallization allows explanation of experimental data on the kinetics of crystallization of amorphous water layers, which represent convenient model objects for the investigation of explosive crystallization.
Experiments on layers of amorphous ice in the presence of completed crystallization centers introduced into them artificially demonstrate the instability of a non-equilibrium system with respect to a local thermal action. The presence of completed crystalline centers in a sample shifts the beginning of crystallization toward the low temperatures, and the shape of the thermal signal itself consisting of several exothermic peaks points to crystallization from different hot centers and the random character of their distribution in the body of an amorphous medium.
The investigation of low-temperature layers of amorphous ice saturated with methane has shown the possibility of formation of gas hydrates in such objects. The crystallization of gas-saturated amorphous ice in conditions of deep metastability results in the formation of a gas hydrate. The avalanche-type initiation of crystallization centers captures the gas molecules; therefore, they are not displaced by the motion of the crystallization front. At atmospheric pressure in a liquid n-pentane medium the retention of methane hydrate was observed to ∼ 273 K. Self-preservation ensured the retention of the hydrate in a metastable state at temperatures much higher than its equilibrium temperature of dissociation. At 273 K the hydrate melted and decomposed, and it was accompanied by an intense gas release. Samples of methane hydrate obtained in the experiments contained up to 15 mass % of methane.
